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R E S E A R C H  A R T I C L E
Is saltmarsh restoration success constrained by matching 
natural environments or altered succession? A test using niche 
models


















1.	 Restored	habitats,	 such	 as	 saltmarsh	 created	 through	managed	 realignment,	 some-
times	 fail	 to	 meet	 targets	 for	 biological	 equivalence	 with	 natural	 reference	 sites.	













nism	 between	 restored	 and	 natural	 marshes.	 In	 recently	 restored	marshes,	 high-






5. Synthesis and applications.	Niche	models	can	be	used	to	test	whether	abiotic	differ-
ences	between	 restored	 sites	 and	 their	 natural	 counterparts	 are	 responsible	 for	
discrepancies	in	species	occurrence.	In	saltmarshes,	simply	replicating	environmen-
tal	conditions	will	not	result	in	equivalent	species	occurrence.
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initial	 community	 assembly,	 and	 subsequent	 successional	 develop-
ment,	yet	the	relative	importance	and	interaction	of	these	has	rarely	
been	studied	 (Brudvig	et	al.,	2017).	Niche	models	have	been	widely	





test	whether	environmental	 suitability	 accounts	 for	outcomes	 in	 re-
stored	saltmarsh,	and	to	test	for	signatures	of	different	successional	
mechanisms.
Saltmarsh	 is	 often	 restored	 through	managed	 realignment	 (MR),	
where	 sea	defences	are	breached	 to	 reinstate	 tidal	 inundation	onto	
previously	 reclaimed	 land.	 The	 saltmarsh	 seedbank	 has	 been	 lost	
during	 the	 period	 of	 embankment	 (Erfanzadeh,	 Garbutt,	 Pétillon,	
Maelfait,	&	Hoffmann,	2010)	and,	 in	the	UK,	no	seeding	or	planting	
is	carried	out,	so	colonization	depends	on	“natural”	dynamics.	Other	
breaches	 to	 sea	defences	occurred	during	historic	 storm	 surges,	 al-
lowing	 us	 to	 study	 the	 long-	term	 (50–100	years)	 development	 of	
“restored”	saltmarsh.	Saltmarsh	restoration	is	subject	to	stringent	tar-






Plantago maritima, Limonium vulgare and Triglochin maritima	(Mossman	
et	al.,	2012a).
These	 discrepancies	 may	 stem	 from	 environmental	 conditions	
after	 restoration	 not	 matching	 those	 on	 natural	 marshes.	 One	 of	
the	main	 determinants	 of	 saltmarsh	 plant	 distribution	 is	 elevation	
in	 the	 tidal	 frame	 (Davy,	 Brown,	 Mossman,	 &	 Grant,	 2011).	 MR	
often	occurs	on	 low-	lying	agricultural	 land	(French,	2006)	and	 low	
elevation	could	lead	to	the	dominance	of	pioneer	species	(Garbutt,	
Reading,	Wolters,	Gray,	&	Rothery,	2006).	Plant	occurrence	 is	also	
influenced	 by	 sediment	 redox	 potential	 (Davy	 et	al.,	 2011),	which	
is	correlated	with	elevation	and	would	be	expected	to	be	 lower	 in	
restored	 marshes,	 but	 is	 even	 lower	 in	 restored	 marshes	 than	 at	
equivalent	 elevations	 in	 natural	marshes	 (Mossman	 et	al.,	 2012a).	
Nevertheless,	some	restored	sites	are	high	in	the	tidal	frame	or	have	
oxic	sediments	(Brooks,	Mossman,	Chitty,	&	Grant,	2015;	Mossman	
et	al.,	 2012a),	 so	differences	 in	 environmental	 conditions	may	not	
fully	 account	 for	 the	 discrepancies.	 If	 they	 do,	 future	 restoration	




















2005),	 so	we	predict	 that	 reduced	competition	would	allow	pioneer	
species	 to	 grow	higher	 in	 the	 tidal	 frame,	 and	 upper-	marsh	 species	
lower	 in	 the	 tidal	 frame.	 Such	 shifts	 in	 realized	 niche	 on	 restored	
marshes	could	have	longer	term	consequences	for	vegetation	devel-
opment.	Upper-	marsh	species	with	high	dispersal	ability	may	be	able	
to	 colonize	 bare	 sediment	 at	 mid-	elevations	 and	 hinder	 the	 estab-
lishment	of	more	dispersal-	limited	species,	 resembling	the	 inhibition	
model	 of	 succession	 (Connell	 &	 Slatyer,	 1977).	 Then,	 management	
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2.2 | Field survey






niche	models.	 Quadrats	 were	 located	 along	 at	 least	 two	 transects,	
where	 each	 transect	 spanned	 the	 elevation	 range	 of	 each	 site	 and	








with	 respect	 to	 a	 standard	 hydrogen	 electrode	 (+204	mV).	The	 ele-
vation	above	Ordnance	Datum	Newlyn	(ODN)	of	the	centre	of	each	
quadrat	 was	 measured	 using	 a	 differential	 GPS	 (Topcon,	 Newbury,	











anglica, Salicornia spp., Suaeda maritima, Aster tripolium, Puccinellia mar-
itima, Atriplex portulacoides, L. vulgare, T. maritima, Plantago maritima 
and Elytrigia atherica.	Nomenclature	follows	Stace	(2010).	They	were	





















ronmental	 conditions.	 GP	models	were	 chosen	 as	 they	 can	 capture	
complex	 ecological	 responses	 to	 environmental	 variables,	 including	





























To	 test	 whether	 the	 occurrence	 of	 species	 is	 expected	 to	 vary	
between	different-	aged	marshes	based	on	the	availability	of	environ-
mental	 conditions	alone,	we	used	 the	natural	marsh	 trained	models	
to	predict	 the	probability	of	occurrence	of	each	 species	 in	quadrats	
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the	posterior	mode	and	95%	credible	 intervals	 for	these	occurrence	
probabilities.	 If	 our	models	 capture	 the	environmental	 determinants	
of	a	species’	distribution,	then	these	predictions	can	be	interpreted	as	
the	probability	of	a	species	occurring	in	a	quadrat	in	each	marsh	age	
given	 suitable	 environmental	 conditions.	 In	practice,	 this	 interpreta-
tion	will	be	approximate	as	unmodelled	environmental	variables	will	
affect	species	distributions.
We	 used	 Kruskal–Wallis	 tests	 to	 examine	 whether	 species’	
position	 in	 the	 tidal	 frame	 (RTH	 in	 quadrats	where	 species	 pres-
ent)	 differed	 among	 marsh	 age	 categories,	 with	 pairwise	 Mann–
Whitney–Wilcoxon	 tests	 applied	 post	 hoc.	 To	 examine	 whether	
changes	in	position	in	the	tidal	frame	differed	from	expectations	if	










3.1 | Niches of saltmarsh plants on natural marshes









significant	 (r	=	−.57,	df	=	8,	p	=	.082).	 Thus,	 species	 occurring	 in	 the	
low	marsh	tend	to	occur	in	a	broader	range	of	environmental	condi-
tions	than	those	higher	in	the	marsh.
Despite	 the	 broad	 absolute	 tolerances	 of	 some	 species	 to	 RTH	
and	redox	(Table	S4),	species	differed	in	their	association	with	these	
variables	(Figure	1,	Table	S5).	Salicornia	could	occur	in	most	of	the	en-
vironmental	 space	 sampled,	 but	was	most	 strongly	 associated	with	
low	in	the	tidal	frame	and	low	redox	(Figure	1).	Spartina was also as-
sociated	with	 low	redox	potentials,	but	had	a	preference	 for	higher	




quadrats	with	 high	 redox	 potentials	 while	 Limonium, Triglochin and 
Plantago	were	more	 likely	 to	occur	 in	 quadrats	 at	 similar	 heights	 in	




the	 species’	 occurrence	 when	 tested	 using	 cross-	validation	 (mean	
AUC	=	0.74,	Table	S3).
3.2 | Differences in environmental conditions 
between restored and natural saltmarshes
Elevation	 and	 redox	 conditions	overlapped	 considerably	 across	 all	
marsh	ages	(Figure	2).	Nevertheless,	some	differences	in	mean	con-
ditions	were	 evident.	MRs	 tended	 to	 be	 at	 lower	 elevations	 than	




Figure	2),	 but	 were	 lower	 in	 ARs	 (t =	3.9,	 p =	.0001,	 Figure	2).	
Redox	 potential	was	 positively	 related	 to	 RTH	 in	 natural	marshes	
(β	=	238	±	14.4,	 t	=	16.6,	p <	.0001),	with	 this	 relationship	 becom-
ing	steeper	in	MRs	(t = 2.2, p = .026)	and	less	steep	in	ARs	(t =	2.8,	
p =	.0047,	Figure	2).
3.3 | Do differences in environmental conditions 
explain differences in plant occurrence?
Niche	model	predictions	indicated	that	these	differences	in	environ-
mental	conditions	between	natural	and	restored	marshes	would	lead	
to	 differences	 in	 species	 occurrence	 (Figure	3).	Spartina, Puccinellia, 
Atriplex, Limonium, Triglochin and Plantago were recorded less fre-
quently	 in	MRs	 than	 in	natural	marshes	 (Figure	3a).	MRs	were	pre-





all	these	species	(Figure	3c).	 In	contrast,	Salicornia, Suaeda and Aster 
were	more	likely	to	occur	on	MRs	than	natural	marshes	given	suitable	
environmental	conditions	(Figure	3c).
Limonium, Triglochin and Plantago	 all	 occurred	 less	 frequently	 in	
ARs	 than	 natural	 marshes	 (Figure	3a).	 However,	 the	ARs	were	 pre-
dicted	to	be	similarly	or	more	suitable	for	these	species	than	natural	
marshes	 (Figure	3b),	 indicating	that	the	availability	of	suitable	eleva-
tion	 and	 redox	 conditions	 does	 not	 explain	 the	 lower	 frequency	 of	
these	species	on	ARs.	 Instead,	there	was	a	negative	effect	of	marsh	
age	(Figure	3c),	although	95%	credible	intervals	for	the	probability	of	
occurrence	 in	ARs	 overlapped	with	 those	 for	 the	 probability	 of	 oc-
currence	 in	 natural	marshes	 for	 Limonium and Plantago.	The	 role	 of	
marsh	age	was	 supported	by	 the	 results	of	hierarchical	partitioning,	
which	showed	 that	marsh	age	was	 the	most	 important	determinant	
of	 the	 occurrence	 of	 these	 species	 (Table	 S5).	 The	 potential	 domi-
nants	 Spartina, Puccinellia and Atriplex	 occurred	 more	 frequently	 in	
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intervals	overlapped	with	those	for	natural	marsh	for	all	these	species),	
with	the	strongest	effect	evident	for	Atriplex	(Figure	3c).
3.4 | Differences in species’ position in the tidal 
frame between restored and natural marshes
The	 median	 RTHs	 at	 which	 species	 occurred	 differed	 significantly	








(Puccinellia, Atriplex, Limonium, Elytrigia),	as	well	as	Aster	(a	mid-	marsh	
pioneer),	occurred	lower	in	the	tidal	frame	in	MRs	than	expected	given	
available	environmental	conditions	(although	the	difference	was	not	




anglica	(Spar),	Salicornia europaea agg. 
(Sali),	Suaeda martima	(Suae),	Aster tripolium 
(Aste),	Puccinellia martima	(Pucc),	Atriplex 
portulacoides	(Atri),	Limonium vulgare	(Limo),	
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in	the	tidal	frame	were	more	similar	 in	ARs	and	natural	marshes,	al-
though	Spartina occurred higher and Puccinellia, Atriplex and Limonium 
occurred	 lower	 (Figure	4).	For	 the	 latter	 three	 species,	 these	differ-
ences	were	greater	than	expected	given	available	environmental	con-
ditions,	while	Salicornia, Aster and Elytrigia	occurred	higher	in	the	tidal	
frame	than	expected	(Figure	4).
4  | DISCUSSION











importance	 of	 redox	 varied	 among	 species	 (Table	 S5).	 Variation	 in	
redox	at	a	particular	tidal	height	may	result	from	local	topography.	Low	
redox	potential	 is	 associated	with	waterlogging,	 so	 is	 lower	 in	 local	
depressions	 and	 higher	 on	 well-	drained	 mounds	 (Castellanos	 et	al.,	
1994;	Varty	&	Zedler,	2008).	Around	MHWS,	Atriplex	was	associated	
with	high	redox	potential,	as	reported	previously	 (Crooks,	Schutten,	
Sheern,	 Pye,	 &	 Davy,	 2002;	 Davy	 et	al.,	 2011),	 while	 Puccinellia, 
Limonium, Triglochin and Plantago	were	associated	with	 lower	 redox	
potential.	Thus,	 local	depressions	 in	 the	mid-	and	upper-	marsh	may	
increase	species	richness	by	favouring	the	latter	species	over	Atriplex 
(Varty	&	Zedler,	2008).
4.2 | Do environmental differences account for 
differences in species occurrence between natural and 
restored marshes?
Surface	elevation	was	generally	lower	in	MRs	than	in	natural	marshes,	
likely	 due	 to	 sediment	 compaction	 during	 agricultural	 land	 use	 and	
lack	of	sediment	inputs	during	embankment	(French,	2006),	and	redox	
increased	 more	 quickly	 with	 RTH	 compared	 to	 in	 natural	 marshes	
(Figure	2).	 Limited	 availability	 of	 low	 redox	 conditions	 at	 higher	 el-
evations	may	be	disadvantageous	 to	mid-	marsh	species	 that	 favour	
relatively	 low	 redox	 conditions,	 such	 as	 Triglochin	 (Figure	3).	 These	
mid-	marsh	 species	 do	 occur	 less	 frequently	 on	 MRs	 than	 natural	
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Availability	of	 suitable	 low	 redox	conditions	 in	 the	mid-	and	upper-	




4.3 | Alternative explanations for differences in 
species occurrence
If	 differences	 in	 plant	 occurrence	 between	 restored	 and	 natural	
marshes	result	from	differences	in	succession,	we	would	expect	these	
to	leave	signatures	in	the	zonation	of	plant	species	distributions	(Davy,	
2000).	We	predicted	 that	 pioneer	 species	 typical	 of	 the	 low	marsh	
would	occur	 at	higher	elevations	 in	 restored	marshes	because	 they	
are	 not	 yet	 out-	competed	 by	 high-	marsh	 species	 (Bertness,	 1991).	
Conversely,	we	predicted	species	typical	of	the	high	marsh	to	occur	
at	 lower	elevations,	because	they	do	not	need	to	be	able	 to	 invade	
low-	marsh	vegetation	to	colonize.	Our	data	support	both	predictions.	
Pioneer	species	occurred	at	higher	elevations	in	MRs	than	expected	





by	 competition	 (Bockelmann	 &	 Neuhaus,	 1999).	 Intriguingly,	 while	
MRs	 often	 show	 significant	 differences	 in	 vegetation	 from	 natural	
marshes	(Mossman	et	al.,	2012a;	Wolters	et	al.,	2005b),	sites	restored	
by	encouraging	sedimentation	through	the	use	of	bunds	(more	closely	
replicating	 sedimentary	 and	 successional	 conditions	 of	 natural	 salt-
marshes)	have	developed	equivalent	vegetation	(Van	Loon-	Steensma,	
Van	Dobben,	Slim,	Huiskes,	&	Dirkse,	2015).	This	may	 indicate	 that	









































































































































































2005a),	 may	 have	 longer	 term	 consequences	 for	 vegetation	 devel-
opment.	The	mid-	marsh	dominants	Puccinellia and Atriplex  occurred 
more	frequently	on	MRs	than	the	suite	of	mid-	marsh	species	deficient	
on	ARs	 (Limonium, Plantago and Triglochin)	 so	by	establishing	earlier,	




and Puccinellia	 in	 natural	marshes	 (Mossman	 et	al.,	 2012a)	 suggests	
higher	 propagule	 availability	 of	 these	 species.	 They	 also	 have	 taller	
growth	forms	than	the	species	deficient	on	ARs,	and	have	the	poten-
tial	 for	 rapid	 clonal	 spread	 (Table	 S2),	which	may	 give	 them	a	 com-
petitive	advantage.	Some	species	appear	to	be	able	to	recover	from	
dispersal	limitation.	In	this	study,	the	lower	than	expected	occurrence	
frequency	of	Spartina	 in	MRs	may	be	due	 to	dispersal	 limitation,	 as	
it	has	low	seed	viability	(Marks	&	Truscott,	1985).	The	effects	of	this	
dispersal	limitation	appear	to	be	short-	term	as	Spartina was more fre-
quent	than	expected	in	ARs,	likely	due	to	rapid	clonal	spread.
It	 is	 possible	 that	 the	marsh	 age	 effects	we	observe	 are	 due	 to	
an	environmental	characteristic	not	measured	in	this	study.	Restored	
saltmarshes	have	harder	upper-	marsh	sediments	(Brooks	et	al.,	2015),	
which	could	 limit	 the	ability	of	 species	 to	establish	high	 in	 the	 tidal	
frame.	 Patches	 of	 bare	 sediment,	 especially	 at	 high	 elevations,	 can	
become	hypersaline	in	the	summer,	impeding	colonization	(Bertness,	
Gough,	 &	 Shumway,	 1992;	 Srivastava	 &	 Jefferies,	 1996),	 although	
shading	by	vegetation	may	reduce	this	and	facilitate	the	colonization	
of	other	species	(Bertness	&	Hacker,	1994).	These	processes	may	ex-
plain	why	mid-	 and	high-	marsh	 species	 did	 not	 occur	 at	 as	 high	 el-
evations	 in	 MRs	 as	 in	 natural	 marshes	 (Figure	4).	 Finally,	 sediment	
structure	and	chemistry	in	restored	marshes	carry	legacies	of	former	
land	 use	 (Macleod,	 Scrimshaw,	 Emmerson,	 Chang,	 &	 Lester,	 1999;	
Spencer	 et	al.,	 2017;	 Tempest,	 Harvey,	 &	 Spencer,	 2015).	 Residual	
nutrients	 in	 former	 agricultural	 soils	 can	 favour	 upper-	marsh	 domi-
nants	(Van	Wijnen	&	Bakker,	1999),	which	would	be	consistent	with	
mid-	and	high-	marsh	species	occurring	at	lower	elevations	in	restored	





4.4 | Management actions to improve 
restoration outcomes
Our	 niche	modelling	 shows	 that	 failure	 to	 create	 appropriate	 en-
vironmental	 conditions	 is	 not	 sufficient	 to	 explain	 all	 differences	
in	 plant	 occurrence,	 and	 that	 differences	 in	 succession	 are	 likely	
to	be	 important.	We	suggest	 two	specific	management	actions	 to	












4.5 | Using niche models to improve prediction in 
restoration ecology
Understanding	 the	 contribution	 of	 environmental	 suitability	 and	
altered	 succession	 is	 a	 major	 challenge	 in	 predicting	 restoration	
outcomes	 (Brudvig	 et	al.,	 2017).	We	 show	 that	 niche	models	 can	
make	an	important	contribution	to	this.	Differences	in	environmen-
tal	 conditions	between	natural	 and	 restored	sites	partially	explain	
differences	 in	vegetation,	so	more	closely	replicating	the	environ-
ment	 of	 natural	 sites	 should	 improve	 restoration	 outcomes.	 But	




ment	across	 the	tidal	 frame	allowed	good	dispersers	 to	shift	 their	
realized	niche,	subsequently	inhibiting	establishment	of	poorer	dis-
persers—explaining	 the	 long-	term	 underrepresentation	 and	 over-
representation	 of	 species.	 The	 priority	 effects	 and	 subsequent	
inhibition–succession	 identified	 here	 are	 likely	 to	 be	 important	 in	
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